A dispersed signal transmission and reception scheme is proposed to cope with self-interference (SI) and inter-user interference (IUI) in full-duplex systems. During transmission, each identical signal of each transmitter is transmitted in multiple time slots after being multiplied by the transmission coefficients corresponding to the individual time slots. During reception, each receiver multiplies the corresponding reception coefficient by the signal received in each time slot and combines all of the signals received during all of the time slots. To cope with SI and IUI, it is shown that the orthogonality conditions between the transmission and reception coefficients should be satisfied in the transmission and reception procedures. The proposed scheme can be operated without knowledge of both the channel state information and signals of the IUI, and without conventional digital SI cancellation procedures. Simulation results show that the proposed scheme has better achievable rates and bit error rates for both downlink and uplink transmissions than conventional full-duplex systems when the signal-to-noise ratios of the desired signal are low, severe interference exists, and the number of users increases.
I. INTRODUCTION
Among the promising technologies used to attain higher spectral efficiencies, full-duplex systems have recently received much attention [1] , [2] . By enabling wireless devices to transmit and receive in the same time slot and frequency band, full-duplex systems can theoretically double spectral efficiencies [2] .
However, performance degradation inevitably occurs as a result of additional interference between the downlink (DL) and uplink (UL) transmissions encountered by full-duplex systems [1] , [2] . Under full-duplex operations, the performances of both base stations (BSs) and users are degraded by self-interference (SI) caused by signals being transmitted to their own receivers. Moreover, the received DL signal of each user is affected by inter-user interference (IUI) resulting from The associate editor coordinating the review of this manuscript and approving it for publication was Nan Wu . the UL signals of other users. Therefore, a major challenge in implementing full-duplex systems is managing both SI and IUI.
Many prior studies have analyzed SI cancellation (SIC) techniques, which consist of analog and digital domain cancellations [3] - [7] . However, when SI channel estimation error exists, the performances of analog and digital SIC techniques deteriorate significantly [8] . Therefore, an SIC technique that is unaffected by SI channel estimation errors is required. In addition, many studies have been conducted on IUI in full-duplex systems [9] - [11] . However, the methods proposed in [9] - [11] require the channel state information (CSI) of all IUI channels, heavy signaling overheads, and high complexity for the simultaneous scheduling of DL and UL transmissions. Therefore, a simple and efficient scheme to mitigate IUI is also necessary.
To design full-duplex systems without SI and IUI, a dispersed signal transmission and reception scheme is proposed VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ FIGURE 1. Full-duplex system model.
in this paper. The main contributions of this paper can be summarized as follows:
• We present modified transmission and reception procedures that can be both independently and jointly operated with arbitrary multiuser precoding and receiving schemes.
• The proposed scheme can be operated without knowledge of CSI and signals of IUI, and without conventional digital SIC procedures.
• We derive conditions for the transmission and reception coefficients that maximize the desired signal power and cancel both SI and IUI. Then, we evaluate the corresponding DL and UL signal-to-interference-plus-noise ratios (SINRs).
II. FULL-DUPLEX SYSTEM MODEL
We consider a single cell full-duplex system consisting of a full-duplex BS with M antennas and U full-duplex users with a single antenna each, as shown in Fig. 1 . We consider the shared antenna as in [3] for both the BS and users. In Fig. 1 , the solid and dashed lines represent the paths of the desired and interference signals, respectively. The received DL and UL signals for user k are given by
respectively, where ψ d , ψ u , ψ iui , σ 2 u , and σ 2 d denote the SNRs of the DL, UL, IUI channels, and the residual SI power-tonoise ratio of each user and the BS after radio frequency (RF) and analog SIC as in [5] , [6] , respectively. In (1), the terms on the right-hand side denote (from left to right) the desired DL signal, DL multiuser interference (MUI), SI, IUI, received distortion at the user k, and additive white Gaussian noise, respectively. In (2) , the terms on the right-hand side denote (from left to right) the desired UL signal, UL MUI, SI, received distortion at the base station (BS), and additive white Gaussian noise, respectively. h d,i ∈ C M ×1 and h u,j ∈ C 1×M denote the DL and UL channel vectors for users i and j, respectively, where i, j ∈ {1, 2, ..., U }. h iui,j,k ∈ C is the IUI channel coefficient from user j to user k, where j, k ∈ {1, 2, ..., U } , j = k. The elements of the DL, UL, and IUI channels are modeled as Rayleigh fading channels that are distributed as CN (0, 1). H sb ∈ C M ×M and h su,k ∈ C are the SI channels of the BS and user k, respectively. The elements of the SI channels are modeled as Rician fading channels that are distributed as CN
Moreover, an MMSE receiver is considered at the BS [14] as ) and e u,k ∼ CN (0, κ u ) denote the transmitter noise at the BS and user k with κ d , κ u 1, respectively, which models the effects of power amplifier noise, non-linearities in the digital-to-analog converter (DAC) and phase noise [5] . v u ∼ CN (0, β u diag(r conv u,k (r conv u,k ) H )) and v d,k ∼ CN (0, β d |r conv d,k | 2 ) denote the receiver distortion at the BS and user k with β d , β u 1, respectively, which models the effects of gain-control noise, non-linearities in the analog-to-digital converter (ADC) and phase noise, wherer conv u,k =ỹ conv u,k − v u andr conv d,k = r conv d,k − v d,k denote the undistorted received signals [5] . z d,k ∼ CN (0, 1) and z u ∼ CN (0, I M ) are additive white Gaussian noise (AWGN) for user k and the BS, respectively. Also, the residual SI power after digital SIC at the BS and user k are given by η d σ 2 d and η u σ 2 u , respectively, where 0 ≤ η d , η u ≤ 1.
Using W d and G u under perfect CSIT and CSIR of H d and H u , respectively, the MUI that occurs at both the DL and UL transmissions as in (1) and (2), is mitigated. However, the desired DL and UL signals are still affected by the SI and IUI at each user and by the SI at the BS, respectively, since W d and G u can only eliminate the DL and UL MUI, respectively.
III. PROPOSED DISPERSED SIGNAL TRANSMISSION AND RECEPTION SCHEME
In this section, we present the proposed dispersed signal transmission and reception scheme. The proposed scheme requires n ≥ 2 resources to operate, which can be in either the time or frequency domain, and none of the channels change during the n resources. When the proposed scheme is operated in the time domain, we require n distinct time slots, and it is assumed that none of the channels change during the n time slots. Likewise, when the proposed scheme is operated in the frequency domain, we require n distinct frequency resources, e.g., multiple subcarriers for the orthogonal frequency division multiplexing (OFDM) system, and it is assumed that none of the channels change during the n frequency resources.
For convenience, in this paper, we present the proposed scheme in the time domain. The proposed transmission and reception procedures adopt the transmission and reception coefficients over multiple time slots. The transmission and reception coefficients are given by a
which are multiplied by the transmitted and received signals with |a
respectively. The first subscript, m ∈ {d, u}, indicates either the case of DL or UL. The second subscript, k, indicates the user index. The superscript, t ∈ {1, 2, ..., n}, indicates the index of the time slot. For example, a (2) u,1 is the UL transmission coefficient at time slot 2 for user 1, and b (1) d,2 is the DL reception coefficient at time slot 1 for user 2.
For the transmission procedure, s d,k and s u,k are transmitted identically during n time slots by multiplying by the corresponding DL and UL transmission coefficients for each time slot. The DL and UL transmit signals for user k at time slot t are given ass
For the reception procedure, we consider the DL case, which is affected by both SI and IUI, as shown in Fig. 2 . After multiplying by the reception coefficient b signal for user k at time slot t is given as
where e
d,k ∼ CN (0, 1) denote the transmitter noise at the BS and user k, the receiver distortion at the user k, and the AWGN for user k at time slot t, respectively, wherer
d,k is given as
Then, the conditions to maximize the desired DL signal power and cancel both SI and IUI without digital SIC procedures are given as
In addition, similar to the DL case, the conditions to maximize the desired UL signal power and cancel the SI without digital SIC procedures are given as
where k, l ∈ {1, 2, ..., U }, which is derived from the combined UL signalr u,k , as shown in Fig. 2 . The condition in (5) is verified by maximizing the amplitude of n t=1 a (t)
Using the triangle inequality [15] , the maximum amplitude of n t=1 a (t)
d,k | = n, i.e., the number of utilized time slots. Hence, the condition in (7) is also verified.
To satisfy the conditions in (5)- (8) , the transmission and reception coefficients are derived as
where θ ∈ [0, 2π], t ∈ {1, 2..., n}, n ≥ 2, n ∈ N, and k ∈ {1, 2..., U } indicate an arbitrary phase for a complex number, the index of the time slot, the number of time slots, and the user index, respectively. Due to the unit amplitude, each transmission and reception coefficient can be represented by a complex exponential with an arbitrary phase. It is assumed that the DL transmission coefficients are the same for all users during all time slots, which means that
where θ 1 ∈ [0, 2π ]. Then, the condition in (8), which cancels the DL interference, can be rewritten as
(14) is an indeterminate equation since all of the variables are complex numbers. According to the following Lemma that was originally given in [16] , one of the solutions for (14) can be obtained. Lemma 1: Let x t be a complex number with unit amplitude, which can be expressed as
where t ∈ {1, 2, ..., n}, n ≥ 2, n ∈ N, and θ ∈ [0, 2π ]. Then, n t=1 x t = 0 can be satisfied ∀θ, n. Proof: Due to a geometric series with a common ratio e ±j 2π n , n t=1 x t can be rewritten as 
Since e ±j2π = 1, (16) can be equal to zero ∀θ, n. Therefore, if b (1) u,k is set to e jθ 1 , one of the solutions for b
In addition, it is assumed that the UL transmission coefficients are the same for all users during all time slots, which means that
where θ 2 ∈ [0, 2π ]. Then, the condition in (6) , which cancels the UL interference, can be rewritten as n t=1 a (t)
Similar to (17) , if a (1) u,k is set to e jθ 2 , one of the solutions for a (t) u,k can be expressed as
Substituting both (14) and (18) into (5), we can rewrite (5) as
Then, we can determine that θ 1 = −θ 2 , which means that a
is the complex conjugate of b (1) d,k . Therefore, θ 1 and θ 2 can be expressed as functions of θ such that θ 1 = θ and θ 2 = −θ. In addition, by using (7), we can determine that a
Based on (10) and (11) (resp. (9) and (12) u,k ) is the geometric series with the first term e −j2θ (resp. e j2θ ) and a common ratio e −j 2π n (resp. e j 2π n ), and e ±j2π = 1. Due to the indeterminate characteristics, any other solutions satisfying the conditions in (5)- (8) can also be used as the transmission and reception coefficients. Since the proposed scheme applies a phase rotation based on multiplying the transmission and reception coefficients by the transmitted and received signals, respectively, the proposed scheme seems to be similar to the rotated constellation scheme, which applies phase rotation to the transmitted and received signals [17] , [18] . However, for a specific purpose, e.g., peak to average power ratio reduction [17] or constructing multi-dimensional codebook for sparse code multiple access system [18] , the value of the phase rotation for the rotated constellation scheme should be determined based on the phase of the transmitted and received signals or randomly generated phases. However, by selecting an arbitrary θ in (9)-(12), i.e., regardless of the phase of the transmitted and received signals, the proposed scheme can be operated to detect the desired signal and cancel SI and IUI.
Using (9)-(12), the DL and UL SINRs for user k are easily evaluated as
respectively, whereē u,k andv u,k denote the combined UL transmitter noise and UL receiver distortion for user k, respectively. In the proposed scheme, since only a single DL data signal s d,k and a UL data signal s u,k are transmitted for user k during n time slots, the achievable rate of the proposed scheme during the n time slots is reduced by a factor of n compared to the conventional full-duplex system. However, instead of loss of the achievable rate, the proposed scheme obtains a received signal without SI and IUI by applying the transmission and reception coefficients and achieves SNR gains with respect to the number of time slots n as in (24) and (25). Hence, according to n, a trade-off exists between the capacity gain which is logarithmic in n, and the rate-loss, which is linear in n. Moreover, the SI and IUI are cancelled by the proposed scheme regardless of the value of n. Therefore, to obtain a better achievable rate, using a small value of n is appropriate. Note that the difference between the proposed scheme and the multiuser precoding and receiving schemes is the kind of interferences that can be applied and that the scheme can eliminate. By using the multiuser precoding and receiving schemes, the DL and UL MUI can be mitigated, which occur between multiple DL signals and between multiple UL signals, respectively. However, the purpose of the proposed scheme is to deal with SI and IUI, which occur between DL and UL signals and are additionally introduced in full-duplex systems. Since the proposed scheme and the multiuser precoding and receiving schemes do not affect each other, the proposed scheme can be operated together with the multiuser precoding and receiving schemes independently and jointly.
Furthermore, we can discuss the similarities and differences between the full-duplex system and faster-than-Nyquist (FTN), which also has attracted much attention for next generation wireless communication systems to achieve higher spectral efficiency [19] . The FTN and full-duplex systems use different methods to improve spectral efficiency: transmitting the signals beyond the Nyquist rate at a given frequency band by the FTN and transmitting and receiving the signals simultaneously using the same frequency resources by the full-duplex system. However, both FTN and full-duplex systems have the purpose of improving the spectral efficiency at the cost of introducing additional interference. For the FTN, since the signals are transmitted beyond the Nyquist rate, inter-symbol interference (ISI) is additionally generated. Since ISI can be known at the transmitter and receiver, pre-processing or post-processing can be done at the transmitter and receiver, respectively, although the increased complexity of additional processing should be required to cancel the interference. Likewise, for the full-duplex system, since the signals with different duplex directions are transmitted and received simultaneously using the same frequency resources, SI and IUI are additionally generated. Since SI is caused by signals being transmitted to their own receivers, SI can be known and cancelled although additional cancellation procedures are required. Moreover, the received DL signal of each user is affected by the IUI resulting from the UL signals of the other users, and IUI cannot be known since the transmitter generating the IUI and the receiver affected by the IUI are different.
IV. SIMULATION RESULTS
In this section, we evaluate the theoretical and experimental DL and UL SINRs of the proposed scheme to verify that SI and IUI can be cancelled. Then, we evaluate the achievable DL and UL rates and bit error rate (BER) performances of the proposed scheme compared with those of conventional full-duplex and half-duplex systems.
We present the simulation results for the proposed scheme when n is set to 2 and 3 to show the trade-off between loss of achievable rates and SNR gains according to n. In the conventional full-duplex system, both the BS and all of the users transmit different DL and UL data signals at each time slot during the n time slots, respectively. For the half-duplex system, only DL or UL transmission occurs at each time slot, and the ratio between the DL and UL transmissions is set to 1 : 1 during the n time slots. We set M = 8 and κ u = κ d = β u = β d = −60 dB [6] . The transmission and reception coefficients used for the simulation are given by (9)- (12) , where θ = π 4 . The MMSE precoder and receiver are also used for the conventional full-duplex and half-duplex systems. Quadrature phase shift keying (QPSK) is considered for both the DL and UL data signals to evaluate the BER performances. Table 1 shows the theoretical and experimental DL and UL SINRs of the proposed scheme, the conventional full-duplex and half-duplex systems, when U = 4, ψ d = 15 dB, ψ u = 5 dB, σ 2 u = 30 dB, η u = 0, and σ 2 d = 30 dB. It can be seen from Table 1 that the experimental DL and UL SINRs are almost the same as the theoretical DL (given in (24)) and UL (given in (25)) SINRs under the given number of time slots, respectively. Therefore, it is verified that SI and IUI are cancelled by the proposed scheme without any digital SIC procedures. However, due to the SI and IUI, the conventional full-duplex system achieves lower DL and UL SINRs than the proposed scheme.
In Fig. 3 , the achievable DL rates are evaluated according to the number of users, U , when ψ d = 10 dB, ψ iui = 5, 10 dB, σ 2 u = 30 dB, and η u = 0. As U increases, despite the perfect digital SIC, the performances of the conventional full-duplex system degrade since the IUI becomes larger. However, since both SI and IUI are cancelled at each user by the proposed scheme, the proposed scheme achieves increasingly better performances than the conventional full-duplex system as U increases. Moreover, when utilizing two time slots, the proposed scheme outperforms the half-duplex system. In Fig. 4 , the achievable UL rates are evaluated with respect to σ 2 d , when U = 4 and ψ u = 5 dB. In the case of η d = 0, i.e., perfect digital SIC, the conventional full-duplex system outperforms the proposed scheme. However, in the case of η d = −30 dB, it can be seen in Fig. 4 that the performance of the conventional full-duplex system drops below that of the proposed scheme with n = 2 and 3 around σ 2 d = 28 and 33 dB, respectively. Therefore, as shown in Fig. 4 , when the BS cannot achieve a large amount of digital SIC, the proposed scheme outperforms the conventional full-duplex system. Fig. 5 shows the BERs of the DL signals according to the number of users, U , when ψ d = 0 dB, ψ iui = −5, 0 dB, σ 2 u = 30 dB, and η u = 0. Since the allocated power for each user decreases as U increases, the performances of all schemes degrade as U increases. However, due to the SI and IUI, the performances of the conventional full-duplex system are lower than those of the proposed scheme. Moreover, by achieving SNR gains by a factor of n, the proposed scheme achieves better performances than the half-duplex system. Fig. 6 shows the BERs of the UL signals with respect to η d , when U = 4, ψ u = 0 dB, and σ 2 d = 30 dB. The performances of the conventional full-duplex system approach those of the half-duplex system as η d decreases. However, the performances of the proposed scheme are maintained regardless of η d since the SI can be cancelled in the digital domain using the proposed scheme at the BS. Hence, the proposed scheme outperforms both the conventional full-duplex and half-duplex systems.
Therefore, the proposed scheme has better achievable rates and BER performances for both DL and UL transmissions than the conventional full-duplex system when the SNRs of the desired DL and UL signals are low and large residual SI and IUI occur. This is because when using the transmission and reception coefficients that satisfy the conditions in (5)-(8), the proposed scheme obtains SNR gains by a factor of n and cancels both SI and IUI. As n increases, the BER performances of the DL and UL signals are improved as a result of the SNR gains. However, as n increases, the performances of the achievable DL and UL rates decrease since the achievable DL and UL rates of the proposed scheme are reduced by a factor of n.
V. CONCLUSION
In this paper, we proposed a dispersed signal transmission and reception scheme for dealing with both SI and IUI in full-duplex systems. To utilize the proposed scheme, the transmission and reception coefficients were presented along with the dispersed signal transmission and reception procedures. We also verified the conditions of the transmission and reception coefficients to cancel both SI and IUI and maximize the desired signal power. By applying the proposed scheme, we achieved SNR gains by a factor of n, and the received signals contained no SI or IUI, although the amount of transmitted information was reduced by a factor of n. The proposed scheme can be operated without knowledge of the CSI and signals of the IUI, and without conventional digital SIC procedures. By evaluating the theoretical and experimental DL and UL SINRs, we verified that the proposed scheme can cancel both SI and IUI. In the simulation results, the proposed scheme outperformed the conventional full-duplex system at low SNRs for the desired signals, with a low amount of digital SIC, and for a large number of users, which can generate a large amount of interference between the DL and UL transmissions encountered by full-duplex systems.
